We conducted a detailed assessment of the maternal transfer of mercury and selenium to eggs in three bird species (n ¼ 107 parents and n ¼ 339 eggs), and developed predictive equations linking contaminant concentrations in eggs to those in six tissues of the mother (blood, muscle, liver, kidney, breast feathers, and head feathers). Mercury concentrations in eggs were positively correlated with mercury concentrations in each of the mother's internal tissues (R 2 ! 0.95), but generally not with feathers. For each species, the proportion of mercury transferred to eggs decreased as mercury concentrations in the mother increased. At the same maternal mercury concentration, the proportion of mercury transferred to eggs differed among species, such that Forster's tern (Sterna forsteri) and black-necked stilt (Himantopus mexicanus) females transferred more methylmercury to their eggs than American avocet (Recurvirostra americana) females. Selenium concentrations in eggs also were correlated with selenium concentrations in the mother's liver (R 2 ¼ 0.87). Furthermore, mercury and selenium concentrations in tern eggs were positively correlated with those in the father (R 2 ¼ 0.84). Incubating male terns had 21% higher mercury concentrations in blood compared to incubating females at the same egg mercury concentration. We provide equations to predict contaminant concentrations in eggs from each of the commonly sampled bird tissues. Published by Elsevier Ltd.
Introduction
Methylmercury contamination of the environment is widespread globally (Driscoll et al., 2013) , and methylmercury biomagnifies primarily through aquatic food chains (Wiener et al., 2003) where environmental conditions tend to be conducive to methylmercury production (Ullrich et al., 2001) . Birds often are vulnerable to mercury contamination because they are top predators in many aquatic habitats (Scheuhammer et al., 2007) , and mercury has long been a primary contaminant of concern for birds (Bond et al., 2015; Monteiro et al., 1997) . Because reproduction is among the most sensitive end points for mercury toxicity in birds (Scheuhammer et al., 2007; Wiener et al., 2003) , eggs are considered an ideal sampling tissue for evaluating mercury exposure and potential toxicity to birds (Hartman et al., 2013) . However, many different bird tissues are commonly sampled to assess mercury exposure (Scheuhammer et al., 2007; Wiener et al., 2003) , and often it is difficult to compare mercury concentrations in adult bird tissues to the more highly developed toxicity benchmarks established for eggs (Braune et al., 2012; Heinz et al., 2009b; Kenow et al., 2011) . Thus, quantifying the relationship between mercury concentrations, and other contaminants, in parental tissues and their eggs would allow conversion of contaminant concentrations in female tissues to those expected to be in her eggs.
Several prior studies have examined the relationship between mercury concentrations in mothers and her eggs. found weak correlations between mercury concentrations in the first egg laid by herring gulls (Larus argentatus) and those in the incubating female's liver (R 2 ¼ 0.18) and muscle (R 2 ¼ 0.12), but not those in the ovary (R 2 ¼ 0.06) or feathers (R 2 < 0.01). Evers et al. (2003) observed a stronger relationship (R 2 ¼ 0.79) between mercury concentrations in nonviable, abandoned eggs and those in the blood of female common loons (Gavia immer) that were captured within the same territory in either the specific year or in a different year than when the eggs were collected. Kenow et al. (2015) found an even stronger correlation (R 2 ¼ 0.97) between both the first and second laid egg's mercury concentration and those in the blood of female common loons that were captured on the nest within a few days of when the eggs were laid. Brasso et al. (2010) also documented a correlation (R 2 ¼ 0.87) between the mean mercury concentration in a clutch and those in the blood of female tree swallows (Tachycineta bicolor) that were captured at the nest soon after the full clutch was laid. Heinz et al. (2010) fed captive mallards (Anas platyrhynchos) a diet containing methylmercury chloride and established a strong relationship between mercury concentrations in a single egg and blood of the female that was bled either the same day the egg was laid (R 2 ¼ 0.88) or bled 16e27 days after the egg was laid (R 2 ¼ 0.67). Ou et al. (2015) fed captive zebra finches (Taeniopygia guttata) a diet dosed with methylmercury cysteine and also observed a strong relationship between mean mercury concentrations in a clutch and those in the female's blood (R 2 ¼ 0.93).
These results indicate that there likely is a strong relationship between mercury concentrations in females and her eggs, however each study focused on a single species, used a limited number of parental tissues, and had various methodological differences which make it difficult to broadly apply these relationships to birds. We conducted a detailed assessment of the maternal transfer of mercury to eggs in three species of birds. Because selenium can influence mercury dynamics in birds (Eagles-Smith et al., 2009b; Henny et al., 2002) , we also evaluated maternal transfer of selenium to eggs. We selected species that were known to have relatively high (Forster's terns, Sterna forsteri; hereafter referred to as terns), moderate (black-necked stilts, Himantopus mexicanus; hereafter referred to as stilts), and low (American avocets, Recurvirostra americana; hereafter referred to as avocets) exposure to mercury (Ackerman et al., 2013b; Eagles-Smith et al., 2009a) which allowed us to examine maternal transfer of contaminants over a wide range of exposure levels. These species also represented different foraging guilds, with tern diets consisting mainly of fish (McNicholl et al., 2001 ) and avocet and stilt diets consisting mainly of aquatic invertebrates (Ackerman et al., 2013a; Robinson et al., 1999) . We developed predictive equations to link mercury and selenium concentrations in eggs to concentrations in six tissues of the mother (blood, muscle, liver, kidney, breast feathers, and head feathers). We also related mercury and selenium concentrations in eggs to concentrations in the father's blood and liver, respectively, to assess whether mates had similar contamination levels.
Material and methods

Sample collection
During 2005 and 2006, we collected breeding avocets, stilts, and terns at several locations throughout San Francisco Bay, California (37.8ºN, 122.3ºW). Capture methods are described in detail elsewhere , as these bird collections were used to investigate several topics related to contaminants in birds Eagles-Smith et al., 2009a Herring et al., 2010; Hoffman et al., 2011) . Briefly, we collected avocets, stilts, and terns on their nests during early incubation , after we had confirmed during our routine nest monitoring procedures that their nests contained a full clutch of eggs and were being incubated normally. Overall, 87% of birds were collected before the mid-point of the incubation period as determined by egg flotation . Nesting birds were collected using self-triggered treadle traps, remotely activated bow nets (Northwoods, Rainer, Washington, USA), or net launchers (Coda Enterprises, Mesa, Arizona, USA). Once the parent was captured, we collected all eggs in the clutch and stored them in a refrigerator until egg dissection. Because both sexes incubate eggs in these three species, we waited until we observed the female return to the target nest before setting the nest trap. We used plumage coloration to identify female stilts (Robinson et al., 1999) and bill shape to identify female avocets (Ackerman et al., 2013a) . The sex of Forster's terns cannot be easily determined in the field (Bluso et al., 2006) , therefore we collected the incubating parent (male or female) and determined sex during necropsy and genetic analysis (Zoogen Services, Davis, California, USA).
Egg dissection and adult necropsy
Prior to egg dissection, we allowed refrigerated eggs to come to room temperature and then we measured egg length and width to the nearest 0.01 mm using digital calipers (Fowler, Newton, Massachusetts, USA) and total egg weight (with eggshell) to the nearest 0.01 g on a digital balance (Ohaus Adventurer Pro, Ohaus Corporation, Pine Brook, New Jersey, USA). Using clean, stainless steel instruments, we cut a~15 mm diameter hole in the wide end of each egg and removed the entire egg contents into a tared, sterile 30 or 60 mL jar. We then measured egg content weight (without eggshell) with a digital balance to the nearest 0.01 g, and stored egg contents at À20 C until processing and mercury and selenium determination.
Following bird collection, we sampled whole blood from each bird using sodium-heparinized 23e25 gauge needles attached to polypropylene syringes, and then transferred the blood to polypropylene cryovials. Whole blood was collected either via the brachial vein prior to, or from the heart during, necropsy (EaglesSmith et al., 2008) . We also collected fully grown breast feathers from the anterior area of the keel and head feathers from the crown. We then conducted necropsies on each bird using clean, acid-rinsed, and stainless-steel instruments to excise the liver, kidneys, and a portion of breast muscle. We placed tissue samples in I-CHEM glass vials (Chase Scientific Glass, Rockwood, Tennesse, USA) or Whirl-Paks ® (Nasco, Modesto, California, USA). All tissue samples were stored on dry ice in the field and at À20 C in the laboratory until processing and mercury determination.
Sample processing
We thawed egg samples at room temperature, and then dried the entire egg contents at 50 C for 48 h or until completely dried. To determine moisture content, we reweighed dried egg contents with a digital balance to the nearest 0.0001 g (Ohaus Adventurer Balance, model AR064; Ohaus, Pine Brook, New Jersey, USA). We then ground the dried egg contents to a powder using a spice grinder with stainless steel blades, followed by further grinding by hand in a mortar and pestle. We thawed liver, kidney, and muscle samples at room temperature, rinsed them in deionized water, and blotted them dry with Kimwipes ® (KimberlyeClark, Roswell, Georgia, USA). We measured each tissue's wet mass and then ovendried them at 50 C for 48 h or until they reached a constant mass (0.0001 g; Ohaus Adventurer Balance, model AR064; Ohaus, Pine Brook, New Jersey, USA). We then homogenized each tissue sample separately using a porcelain mortar and pestle. We washed and manually scrubbed feathers in a 1% Alconox solution (Alconox, White Plains, New York, USA) to remove surface debris, and then oven-dried them at 50 C for 24 h. We stored the processed and dried tissue samples in a desiccator until mercury determination.
We thawed blood to room temperature, inverted the cryovials several times, and thoroughly mixed the blood by stirring with a clean pipette tip to ensure sample homogeneity before mercury determination. Some blood samples that were high in mercury were further diluted with deionized water before mercury determination ( 
Mercury determination
We determined total mercury (THg) concentrations in all tissues, and used it as an index of methylmercury (MeHg) concentrations because 96% and !90% of the THg in bird eggs and blood, respectively, is in the more toxic MeHg form (Ackerman et al., 2013b; Rimmer et al., 2005) . However, we also determined MeHg concentrations in liver and kidney, because a smaller proportion of THg in those tissues can be in the inorganic form (as low as 20% MeHg; Eagles-Smith et al., 2009b) . We determined THg concentrations in whole blood, egg contents (without the eggshell), muscle, liver, kidney, and feathers on a Milestone DMA-80 Direct Mercury Analyzer (Milestone, Monroe, Connecticut, USA) following Environmental Protection Agency Method 7473 (U.S. Environmental Protection Agency, 2000), using an integrated sequence of drying, thermal decomposition, catalytic conversion, and then amalgamation, followed by atomic absorption spectroscopy. We determined MeHg concentrations in liver and kidney samples at Battelle Marine Sciences Laboratory (Sequim, Washington, USA) using cold vapor atomic fluorescence following Environmental Protection Agency Method 1630 (U.S. Environmental Protection Agency, 2001).
We report THg concentrations on a dry-weight (dw) basis for most bird tissues, except blood which we report on a wet-weight (ww) basis and eggs which we report on a fresh wet-weight basis (fww). THg concentrations in eggs were determined on a dry weight basis and then converted into a fresh wet weight egg concentration using individual-specific moisture content of the egg contents and egg morphometrics following the methods of Ackerman et al. (2013b) and egg densities specific to these bird species (authors, unpublished). Moisture content (mean ± SE) was 73.6% ± 0.3% in bird eggs, 69.7% ± 0.1% in muscle, 67.0% ± 0.2% in liver, and 73.6% ± 0.1% in kidney.
Quality assurance measures included analyses of at least two certified reference materials (either dogfish muscle tissue [DORM], dogfish liver [DOLT], or lobster hepatopancreas [TORT] certified by the National Research Council of Canada, Ottawa, Canada), two system and method blanks, three continuing calibration verifications, two duplicates, and two spiked duplicates per batch. Recoveries for certified reference materials averaged 107.0 ± 1.1% (n ¼ 59) for eggs and 102.1 ± 0.9% (n ¼ 329) for adult tissues. Recoveries for calibration verifications averaged 101.0 ± 0.5% (n ¼ 140) for eggs and 99.9 ± 0.7% (n ¼ 409) for adult tissues. Matrix spike recoveries averaged 101.0 ± 0.8% (n ¼ 96) for eggs and 97.7 ± 1.3% (n ¼ 154) for adult tissues. Relative percent difference (RPD) for duplicates averaged 6.1 ± 0.6% (n ¼ 87) for eggs and 7.8 ± 1.9% (n ¼ 278) for adult tissues, and RPD for matrix spike duplicates averaged 4.4 ± 0.7% (n ¼ 48) for eggs and 5.0 ± 1.0% (n ¼ 154) for adult tissues. Recoveries for MeHg in adult tissues averaged 106.2 ± 1.83% (n ¼ 57) for certified reference materials and 96.8 ± 1.83% (n ¼ 175) for matrix spikes. RPD for duplicate MeHg samples averaged 7.8 ± 1.5% (n ¼ 42) and RPD for matrix spike duplicates averaged 7.3 ± 1.3% (n ¼ 87).
Selenium determination
We determined selenium (Se) concentrations in a randomly selected subset (n ¼ 43) of parent liver samples and in each of the individual eggs in their clutch at Trace Elements Research Laboratory (Texas A&M University, College Station, TX, USA) using hydride generation followed by atomic fluorescence. Certified reference materials for Se in tissues (National Institute of Standards and Technology 2976), matrix spikes, duplicate samples, and blanks were analyzed for quality-control purposes. For livers, recoveries for certified reference materials averaged 106.3% ± 3.1% (n ¼ 11), matrix spikes averaged 102.0% ± 7.0% (n ¼ 11), and RPD for duplicates averaged 3.8% ± 1.2% (n ¼ 11). For eggs, recoveries for certified reference materials averaged 98.5% ± 3.3% (n ¼ 49), matrix spikes averaged 99.2% ± 3.7% (n ¼ 98), and RPD for duplicates averaged 3.4% ± 3.3% (n ¼ 98).
Statistical analysis
We used linear mixed-effects models to examine the relationship between THg concentrations in parents and their eggs. All THg, MeHg, and Se concentrations were log e -transformed to improve normality. We conducted separate analyses for each of the eight Hg concentrations measured in parents, including 6 tissues (blood, muscle, liver, kidney, breast feathers, and head feathers) and two forms of Hg (THg and MeHg). THg or MeHg concentration in individual eggs was the dependent variable and female tissue Hg concentration and species (avocet, stilt, or tern) were fixed effects, female tissue Hg concentration Â species was included as an interaction, and nest identification was a random effect. This model structure statistically nested individual eggs within their clutch. In seven of the eight models (excluding the head feather model), the interaction for female tissue Hg concentration Â species was not significant and was dropped from the final model. Because we only sampled males in a single species, we conducted an additional analysis for terns where THg concentration in individual eggs was the dependent variable and tissue Hg concentration and sex (male or female) were fixed effects, parent tissue Hg concentration Â sex was included as an interaction, and nest identification was a random effect. The interaction for tissue Hg concentration Â sex was not significant and was dropped from the final model.
We also used linear mixed-effects models to examine the relationship between Se concentrations in a subset of parents and their eggs. Se concentration in individual eggs was the dependent variable and female liver Se concentration and species were fixed effects, female liver Se concentration Â species was included as an interaction, and nest identification was a random effect. Additionally for terns, we conducted an analysis where Se concentration in individual eggs was the dependent variable and liver Se concentration and sex were fixed effects, parent liver Hg concentration Â sex was included as an interaction, and nest identification was a random effect. In both models for Se concentrations, the interactions for either liver Se concentration Â species or liver Se concentration Â sex were not significant and were dropped from the final models.
In the figures, we present the clutch's geometric mean contaminant concentration in eggs and the range of contaminant concentrations in individual eggs within the clutch versus the parent's tissue contaminant concentration. We report backtransformed least squares means and estimated standard errors using the delta method (Seber, 1982) .
Results
We collected 107 parents and their clutches (n ¼ 339 eggs), including 30 female avocets, 32 female stilts, 21 female terns, and 24 male terns. Geometric mean THg concentrations within clutches averaged 0.38 mg/g fww in avocets (n ¼ 30), 0.67 mg/g fww in stilts (n ¼ 32), and 1.23 mg/g fww in terns (n ¼ 45), and individual eggs ranged from 0.02 to 1.62 mg/g fww in avocets (n ¼ 104), 0.16 to 3.74 mg/g fww in stilts (n ¼ 111), and 0.40 to 3.37 mg/g fww in terns (n ¼ 124). Geometric mean Se concentrations within clutches averaged 0.48 mg/g fww in avocets (n ¼ 10), 0.37 mg/g fww in stilts (n ¼ 10), and 0.52 mg/g fww in terns (n ¼ 26), and individual eggs ranged from 0.21 to 0.74 mg/g fww in avocets (n ¼ 36), 0.25 to 0.53 mg/g fww in stilts (n ¼ 36), and 0.34 to 0.84 mg/g fww in terns (n ¼ 70).
Female blood to egg mercury correlations
THg concentrations in eggs were positively correlated with THg concentrations in the mother's blood (F 1,71.10 ¼ 180.93, p < 0.0001, Fig. 1a) , while accounting for the influence of species (F 2,72.79 ¼ 3.81, p ¼ 0.03). The overall model's fit to the data was high (n ¼ 251 eggs, R 2 ¼ 0.95), indicating that the transfer of MeHg from adults to offspring was highly predictable (Fig. 1a) . The significant main effect of species, but non-significant interaction between blood THg concentrations Â species (F 2,71.44 ¼ 1.27, p ¼ 0.29), indicated that the relationship between THg concentrations in eggs and female blood had different intercepts but similar slopes (Fig. 1a) . Therefore, equations to predict THg concentrations in eggs from THg concentrations in female blood were different between species. The specific equations to predict THg concentrations in eggs from THg concentrations in female blood were: Fig. 2a ), but not breast feathers (F 1,79.51 ¼ 2.91, p ¼ 0.09, Fig. 2b ), while accounting for the influence of species in each model (breast feather: F 2,79.39 ¼ 10.59, p < 0.0001; head feather: F 2,75.23 ¼ 38.36, p < 0.0001). There was a significant interaction between head feather THg concentrations Â species (F 2,75.96 ¼ 27.01, p < 0.0001), but not breast feather THg concentrations Â species (F 2,77.22 ¼ 2.27, p ¼ 0.11), indicating that the relationship between THg concentrations in eggs and the mother's head feathers differed among species. Indeed, THg concentrations in eggs and head feathers were positively correlated for avocets and stilts, but not for terns (Fig. 2a) . In contrast, THg concentrations in eggs and breast feathers were not correlated for any species (Fig. 2b) accounting for the influence of species (F 2 
Male blood to egg mercury correlations
Because we could not differentiate female and male terns in the field, we also happened to sample male terns. We therefore conducted a separate analysis of the relationship between tern parents (males and females) and their eggs. THg concentrations in eggs were positively correlated with THg concentrations in the father's blood (F 1,38.07 ¼ 29.06, p < 0.0001, Fig. 4a ), while accounting for the influence of sex (F 1,37.84 ¼ 3.64, p ¼ 0.06). The overall model's fit to the data for terns was relatively high (n ¼ 105 eggs, R 2 ¼ 0.84). The near significant main effect of sex, but non-significant interaction between blood THg concentrations Â sex (F 1,36.88 ¼ 0.19, p ¼ 0.67), indicated that the relationship between THg concentrations in eggs and parents' blood had different intercepts but similar slopes between sexes (Fig. 4a) . Based on the model-estimated intercept, incubating male terns had 21% higher THg concentrations in blood compared to incubating female terns at the same egg THg concentration.
Male liver to egg selenium correlations
Se concentrations in eggs also were correlated with Se concentrations in the father's liver (F 1,22.32 ¼ 10.99, p ¼ 0.01, Fig. 4b ), while accounting for sex (F 1,22.21 ¼ 0.42, p ¼ 0.52). The overall model's fit to the data was relatively high (n ¼ 67 eggs, R 2 ¼ 0.86).
The non-significant effects of sex and liver Se concentration Â sex interaction (F 1,20.72 ¼ 1.85, p ¼ 0.19), indicated that the correlation between Se concentrations in eggs and adult liver had similar intercepts and slopes between sexes (Fig. 4b) .
Discussion
Hg concentrations in eggs were positively correlated with Hg concentrations in each of the four internal tissues of the mother (Fig. 1) , indicating that MeHg in mothers is transferred to offspring in a predictable way. Because the slopes for each of the logelog regressions were <1, the proportion of Hg transferred to offspring decreased as Hg concentrations in the mother increased. Thus, a smaller proportion of the mother's Hg was transferred to eggs at higher maternal Hg concentrations. Further, the slopes of the regressions were similar among species, suggesting that the reduction in the maternal transfer coefficient with increasing maternal Hg concentrations did not differ among species. In contrast, the intercepts differed among species such that, at the same maternal Hg concentration, the proportion of Hg transferred to offspring differed among species. In particular, tern and stilt females transferred slightly more MeHg to their eggs than did avocet females at equivalent maternal Hg concentrations. Se concentrations in eggs also were correlated with Se concentrations in the mother's liver (Fig. 3) , although the correlation between contaminant concentrations in parents and their eggs were stronger for Hg (R 2 ¼ 0.96) than for Se (R 2 ¼ 0.87). The slope for the correlation between Se concentrations in eggs and the mother's liver (0.61) was much lower than for the correlation between Hg concentrations in eggs and the mother's liver (THg: 0.90, MeHg: 0.94), indicating that the proportion of the contaminant transferred to offspring decreased more for Se than for Hg as the corresponding contaminant concentration in the mother's liver increased. These results indicate that maternal transfer coefficients differ among contaminants and species, and vary with the overall contaminant concentration in the mother. The mechanism which could cause this difference in maternal transfer coefficients among contaminants is unclear. In contrast to internal tissues, feathers were generally poor predictors of THg concentrations in bird eggs, as was found by , but there were some exceptions. In particular, the mother's breast feathers were unrelated to her egg THg concentrations in each of the three species (Fig. 2b) . Head feathers, on the other hand, could be related to egg THg concentrations, but it depended on the species (Fig. 2a) . Mothers' head feathers were strongly correlated with their egg THg concentrations in avocets and stilts, whereas there was no relationship in terns. These results align with our prior studies where we found that THg concentrations in breast feathers were poorly correlated with internal THg concentrations, such as blood, in avocets (R 2 ¼ 0.16), stilts (R 2 ¼ 0.37), and terns (R 2 ¼ 0.20), whereas THg concentrations in head feathers were more strongly correlated with internal THg concentrations in avocets (R 2 ¼ 0.76) and stilts (R 2 ¼ 0.64), but not terns (R 2 ¼ 0.14) . Therefore, feather THg concentrations were useful for predicting THg concentrations in eggs only for those species where feather THg concentrations were correlated with internal Hg burdens. Hg concentrations in feathers represent the amount of Hg in the blood at the time of feather growth, and therefore interpretation of feather Hg concentrations depends on the timing of the most recent molt for the specific feather tract that was sampled (Bearhop et al., 2000; Braune and Gaskin, 1987; Furness et al., 1986; Thompson et al., 1998) . Thus, a complete understanding of a species molt patterns and timing, or a strong correlation between THg concentrations in feathers and internal tissues, would be required in order to use feather THg concentrations to predict THg concentrations in eggs. For example, avocets molt their pale-gray winter head plumage immediately prior to breeding, to an orange-rufous plumage during the March through August breeding season (Ackerman et al., 2013a) . Thus, head feathers may represent more recent exposure in avocets and may explain why THg concentrations in head feathers were better correlated to egg THg concentrations than breast feathers. However, Forster's terns also molt their head feathers in February through March prior to breeding, with their crown plumage turning from mottled white to black (McNicholl et al., 2001) . Although tern head feather THg concentrations likely represented more recent contaminant exposure as it did in avocets, unlike avocets, tern head feathers were not related to egg THg concentrations. Feather THg concentrations can be most useful in bird species with extremely small home ranges where it is likely that internal THg concentrations do not change dramatically within an individual bird over time (Ackerman et al., 2012) , like they often do in highly mobile bird species or individuals with rapidly changing physiology . In addition to maternal transfer of contaminants to eggs, we found that THg and Se concentrations in tern eggs were positively correlated with THg and Se concentrations in their fathers (Fig. 4) . Because males and females exhibited similar relationships between body tissues and their eggs, this suggests that contaminant concentrations in males were strongly correlated with those in the females which laid the eggs. There are several mechanisms that could contribute to highly correlated contaminant concentrations between mates. Courtship feeding is common in Forster's terns, with the male often delivering prey to the female during pair formation, courtship, copulation, and incubation (McNicholl et al., 2001 ) at a prey delivery rate ranging from 0.5 to 1.3 fish per hour (Fraser, 1997) . The highest rates of courtship feeding by male terns occurs prior to egg laying (Fraser, 1997; Nisbet, 1973) , corresponding to the time when albumen synthesis occurs in eggs (Astheimer, 1986; Hobson, 1995) . The vast majority of MeHg, but not necessarily Se, in eggs is within the albumen ( Cobanov a et al., 2011; Golubkina and Papazyan, 2006; Kennamer et al., 2005) , and recent Hg acquired through the diet can be rapidly transferred to the eggs (Heinz et al., 2009a; . Thus, courtship feeding provides a mechanism whereby male foraging behavior can influence contaminant concentrations in their mates and eggs. Similar contaminant concentrations in a breeding pair may also be caused by mates foraging in similar areas and on similar prey. Because Hg concentrations in prey fish of Forster's terns can vary dramatically among adjacent wetlands (EaglesSmith and Ackerman, 2014) and over short time periods (EaglesSmith and Ackerman, 2009), the similar Hg concentrations in mates suggests that the pair's foraging behaviors were coordinated. Colonial breeding seabirds are thought to use social information to identify foraging areas (Thiebault et al., 2014; Ward and Zahavi, 1973) , and tern mates may have shared foraging information with one another and employed similar foraging strategies. Although we have no direct evidence for this, other than their similar Hg and Se concentrations which can act as environmental tracers for diet, previously we found that space use by breeding Forster's terns did not differ between males and females (Bluso-Demers et al., 2008) and that incubation bouts by mates were similar between the sexes and coordinated (Bluso-Demers et al., 2010) . Despite the strong correlation between THg and Se concentrations in tern eggs and their fathers, we would caution against extrapolating these male predictive equations to other species where mates' foraging behaviors may not be so tightly linked.
We estimated that incubating male terns had 21% higher THg concentrations in their blood compared to incubating female terns at the same egg THg concentration. It is unclear whether this difference was caused solely by females transferring Hg into their eggs, but this difference was specifically for incubating parents shortly after egg-laying and accounted for overall differences in Hg concentrations among individuals with the inclusion of their egg THg concentrations in the model. Our value is very similar to Lewis et al.'s (1993) estimate that female herring gulls can excrete 24% more Hg than males because of their ability to transfer Hg into eggs.
In summary, we found that contaminant concentrations in eggs and parents were highly correlated, and contaminant concentrations in eggs can be predicted by contaminant concentrations in a female's internal tissues. We found similarly strong correlations between THg concentrations in eggs and THg and MeHg concentrations in the four internal tissues. The similarity in results among tissues and forms of Hg aligns with our prior studies that found strong correlations in Hg concentrations among internal tissues for birds . We were able to develop equations to predict contaminant concentrations in eggs from each of the major tissues that are commonly sampled in bird studies, including blood (THg Eqs.
(1)e(3)), muscle (THg Eqs. (5)e (7)), liver (THg Eqs. (8)e (10), MeHg Eqs. (11)e(13), Se Eqs. (23)e (25)), and kidney (THg Eqs. (14)e (16), MeHg Eqs. (17)e (19)). To illustrate the utility of these tissue conversion equations, we can use toxicity benchmarks that have been developed for different tissues and convert them into equivalent egg THg concentrations, and vice versa. For example, commonly used THg toxicity benchmarks are 3.0 mg/g ww for blood (Burgess and Meyer, 2008; Evers et al., 2008) and 8.5 mg/g dw for liver (Eagles-Smith et al., 2009b) . A maternal blood THg concentration of 3.0 mg/g ww would result in her eggs having an average THg concentration of 1.40, 1.26, and 0.99 mg/g fww in terns, stilts, and avocets, respectively. Similarly, a maternal liver THg concentration of 8.5 mg/g dw would result in her eggs having an average THg concentration of 0.75, 0.57, and 0.44 mg/g fww in terns, stilts, and avocets, respectively. These estimated egg THg concentrations align closely with toxicity benchmarks developed for eggs, which typically range from 0.6 to 1.0 mg/g fww (Braune et al., 2012; Heinz et al., 2009b; Kenow et al., 2011; Scheuhammer et al., 2007; Shore et al., 2011) . In addition to predicting THg concentrations in eggs, these equations also can be used to estimate Hg concentrations in females based on THg concentration in eggs. For example, if the average THg concentration in a clutch of tern eggs was 1.0 mg/g fww, than this would correspond to the mother having THg concentrations of 2.0 mg/g ww in blood, 4.0 mg/g dw in muscle, 11.8 mg/g dw in liver, and 13.5 mg/g dw in kidney. The predictive equations specific to the species of bird were necessary due to the significant species effect (different intercepts). However, because there were no interactions between species and internal Hg concentrations in females (same slopes), the general equation (Eq. (4)) could be used to approximate THg concentrations in eggs from THg concentrations in mother's blood when no other reasonable maternal transfer model is available for a specific species. Caution should be used when applying this general equation because there are a limited number of studies on maternal transfer in birds and it is unclear whether a general equation can be applied across taxa.
